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ABSTRACT

In future decarbonised energy systems, residual carbon emissions require strategic planning and management. In
environmental management, an evaluation of carbon removal considering local geographic frameworks is
needed. This paper introduces a scalable and adaptable model for evaluating the economics and geography of
future carbon capture and storage (CCS) configurations across geographical scales, covering capture, transport,
and storage of carbon. The model is applied to the North Denmark Region, showing that future energy pro-
duction carbon sources will be concentrated in Thisted and Jammerbugt, while industrial sources remain in
Aalborg and Rebild municipalities. Carbon transport configurations, including truck, pipeline, and shipping are
assessed, for the carbon to be stored in onshore and offshore geological storages. The regional scale findings
suggest that pipelines and onshore storage provide the most economical configuration. However, a sensitivity
study using a smaller geographical scope indicates potential for optimising carbon transport by evaluating both
carbon volume and distance. The paper discusses how the model’s flexibility and scalability enable the inte-
gration of alternate cost components, thereby supporting the calculation of the carbon repurposing potentials,

including carbon capture, utilisation, and storage (CCUS) configurations.

1. Introduction

The excess of carbon dioxide (COy) is the primary cause of global
climate change and ocean acidification (IPCC, 2022). Effective envi-
ronmental management is a top priority worldwide. However, despite
the climate mitigation efforts, not only have fossil fuels and carbon
emissions tripled worldwide since the mid-1960s but peaked in global
energy related CO5 emissions in 2022 (IEA, 202.3; IPCC, 2023) with 35.7
billion metric tons of CO5. Though the emission growth rate slowed over
the last 20 years, CO, emission projections estimate an increase of 15%,
if the global energy consumption increases by 34% by 2050 (U.S. Energy
Information Administration, 2023). This implies that current climate
targets are falling short of the objectives for the near future. Countries
worldwide are, therefore, part of agreements that commit to national
emission reduction strategies as part of a magnified effort to limit global
warming to 1.5 °C above preindustrial level (IPCC, 2023; IRENA, 2022).
More than 70% of the total emissions (Ritchie et al., 2020) are attrib-
utable to how energy is produced, and climate response is therefore
highly focused on the energy sector. Hence, most decarbonisation stra-
tegies include an energy transition into more renewable generation and
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sector coupling strategies, which exists under the umbrella term of
Smart Energy Systems (Lund et al., 2017). Recent energy system studies
(Connolly et al., 2016; Das et al., 2023; Ferrada et al., 2023; He et al.,
2021; Lund et al., 2022; Luo et al., 2021; Mathiesen et al., 2015; Thel-
lufsen et al., 2020), advocate for carbon reduction by replacing fossil
with renewable energy production aided with carbon removal
strategies.

However, while emission reduction is the primary target of the green
transition, COs is utilised in industrial processes e.g., food and chemical
industry (Al-Shargabi et al., 2022; Kim et al., 2022; Wang et al., 2021),
and at the same time, CO>, is seen as potential raw material for synthetic
or electrofuel (e-fuel)production displacing fossil fuel demand from hard
to abate sectors, i.e., industry and transport. Therefore, decarbonisation
shall not only reflect how to stop the use of fossil fuel, but also add an
element of carbon management, focusing on achieving net-zero emis-
sions across all sectors. The goal is thus both to reduce emissions and
utilise carbon in the most effective way within the system. This includes
carbon reduction or avoidance, and carbon removal strategies including
biological, geological, and technological carbon sequestration. To reach
such decarbonisation in entire energy systems will depend on local and
strategised efforts that overcome the challenges and complexity of
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Abbreviations

CCS Carbon Capture and Storage

CCUS:  Carbon Capture, Utilisation, and Storage
CHP Combined Heat and Power

CO, Carbon dioxide

GIS Geographic Information Systems
kTPA kilo tonnes per annum

MTA million tonnes per annum

OPEX Operating expenses

PCC Post-combustion capture

CAPEX Capital expenditure

WtE Waste to Energy

unique yet highly interrelated geographical contexts.

Distinct geographies offer biological carbon sequestration manage-
ment potentials for climate mitigation which is investigated in land
(Paul et al., 2023; Ravaioli et al., 2023), forests (Chen et al., 2007; Gogoi
et al., 2022), and water bodies (Carr et al., 2018). Geospatial methods
already build on the nexus between environmental management and
sustainable energy (Ding et al., 2023), showing useful for resource
management decision support, and planning practices (Simao et al.,
2009). Similarly, energy system analyses focus on redesigning the en-
ergy system where it is more apparent that carbon sinks, i.e., capture and
utilisation, or geological storage will play a significant role in the energy
transition (Lund et al., 2022a,b). Current technologies are used for
carbon capture and utilisation depending on whether the carbon is
capturable or uncapturable at the facility scale. Emissions from the
residential and service sector, forestry, municipal and agriculture waste,
and transport are biologically captured today and can be captured
through large scale direct air capture (DAC) in the future. Stationary
sources such as industrial and power generation facilities can use carbon
capture (CC) technologies for posterior use (CCU) or sequestration
(CCS). When the post-capture carbon is used, this is referred to as direct
air capture and utilisation (DACU), and carbon capture, utilisation, and
storage (CCUS) technologies (Dziejarski et al., 2023). The technology
readiness level (TRL) of most capturing technologies is between TRL6
and TRL7 (pilot plant and demonstration), while transport and storage
technologies are between TRL7 and TRL 9 (demonstration and com-
mercial), and non-Enhanced Oil Recovery (EOR) utilisation is in TRL6
(pilot plant) (Bui et al., 2018). Within the scientific community, how-
ever, CCS technologies meet criticism for their high investment costs
(Kearns et al., 2021), and life cycle assessment implications resulting in
increased emissions (Cuéllar-Franca and Azapagic, 2015), prompting
efforts towards efficiency improvement (Ozkan et al., 2022) and
increased capture rate (Dods et al., 2021).

CCS uses various types of technologies for source capture such as
post-combustion, pre-combustion carbon capture or oxy-fuel combus-
tion systems (Global CCS Institute, 2021). For carbon utilisation, tech-
nologies include the carbon usage after capture in industrial processes
by converting it into plastics, concrete, or biofuel (Storrs et al., 2023;
Chen et al., 2022). Hence CCUS will enable the use of carbon and CO- as
a resource to create chemicals and fuels in hard-to-abate sectors, while
CCS has a role to play either in capturing and storing CO, from
non-renewable industrial processes, in offsetting sectors that cannot
avoid emissions or in achieving negative emissions from biogenic re-
sources. The literature suggests that CCS technologies are not new but
are increasingly recognised for their role in achieving climate goals in
the near future. This is particularly true for certain regions with suffi-
cient geographical resources for CCS infrastructure.

To understand the complexity of how CCS potentially can play a role
in the decarbonisation of society and how it interacts with the energy
system, it is important to systematically investigate the geographical
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aspects of the infrastructure. The success of CCS depends on three
important factors that need to be considered and investigated from a
geographical aspect. These include.

1) The availability of point sources: While DAC can be an option for the
future (Fasihi et al., 2019), most carbon capture projects are
currently based on point sources. These point sources will signifi-
cantly change in the transition towards a smart energy system that
will experience less energy production from combustion and
increased renewable energy.

2) The availability of storages: This includes access and proximity to
onshore and offshore CO2 geological storage options.

3) Alternatives of transport infrastructure between source and storage.
This includes investigation of trucks, ships, and pipelines to under-
stand the dynamics of different transport options and their economic
impact.

Geography and location are key to these factors and a few studies
have investigated CCS from a geographical point of view; but overall,
they see several limitations. These include that the models are not
replicable, only focus on certain limited scopes, and most importantly,
are based on current CO; estimations and do not include future potential
changes to the energy system, such as the decrease of non-biogenic
carbon and the increase of biogenic carbon. Furthermore, fossil carbon
sources will simply cease to exist as they are not compatible with future
decarbonised societies.

European CO; infrastructure is investigated in the H2020 Gateway
project (Jakobsen et al., 2017), where a pilot model is developed using
both quantitative and qualitative criteria. More localised European CO2
transport corridors are investigated in North-west and Central Europe,
where CO5, point sources are clustered in an optimised network (Morbee
etal., 2012; Neele et al., 2011). In North America biorefineries with CCS
(BECCS) are assessed nationally (Johnson et al., 2014), and a scalable
CCS model is developed for the Californian state (Middleton and Bie-
licki, 2009), both using spatial modelling. In China, assessments use
source-sinking matching models disregarding the geographical dimen-
sion of the analysis (Wu et al., 2022), or non-spatial energy, economy,
and environmental models for assessing CO, mitigation potentials with
CCS (Zhu et al., 2015). More recently, The Joint Research Centre of the
European Commission has performed European scale assessments
(Tumara et al., 2024) that include other sources than just power gen-
eration sector CO, point sources. These studies highlight important
messages at a regional level but miss out on potential connectivity op-
portunities through clustering entire geographical contexts.

On a national scale in Europe, cost-effective infrastructure design
using Geographic Information System (GIS) tools are developed in the
Netherlands to model CCS integrated into energy system analysis (van
den Broek et al., 2009). Here, regions are connected to sinks as a proxy
location for CO3 point source clusters and pipeline transport is in focus,
disregarding other transport options that might benefit economically. In
the Dutch sector of the North Sea, clusters of gas fields for CO, sinking
are located, and the investment of the infrastructure is assessed antici-
pating a total national combined CO4 supply (Wildenborg et al., 2022).
Karlsson et al. perform CCS cost assessments for future biogenic and
non-biogenic CO, mitigation in the Swedish industrial context without
identifying alternate CCS configurations for infrastructure optimisation
(Karlsson et al., 2024). Similarly, the Swiss mapping for CCS design via
pipeline of waste-to-energy CO, point sources has been carried out,
including the storage option of the Norwegian Northern Lights project
(Northern Lights Consortium, 2023) for network optimisation (Becattini
et al., 2022). While CO; clusters play a crucial role in identifying CCS
potential, clustering methods overlook the specific location of the CO,
supply. Additionally, network optimisation methods that connect
geographical points using Euclidean distances undermine the objective
of a geographical assessment. The location of CO3 resources at a supply
level enables for the assessment of alternatives for carbon transport and
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storage on different geographical scales, which is highly relevant for the
planning of CCS.

In Denmark, CCS and CCUS have been included in future models of
smart energy system analysis with both storage and utilisation based on
the principle of CCS for a final abatement step and not for fossil use
mitigation (Lund et al., 2022). A CCS pilot case connecting a coal-fired
power plant and an onshore storage was studied but the project was
abandoned due to insufficient legislation and lack of public acceptance
in 2011 (Dalhoff et al., 2011). At present, there is a high focus on CCS
and CCUS technologies, especially after Danish projects have been cat-
egorised as Project of Common Interest (PCI) for the European Union,
and The Danish Energy Agency has launched tendering processes for
permits for the exploration and storage of COs in five onshore areas,
three of which have already been awarded i.e., Gassum, Rgdby, and
Havnsg (Energistyrelsen, 2023d). Regional studies on CCS involve
capturing CO3 emissions from the highest emission point sources within
aregion (Greenhub Denmark, 2023), while some other focus on specific
pilot industrial cases, such as those within the cement industry (Aalborg
Portland, 2023) with ongoing scale-up planning (Energy Supply, 2023).
Overall, there is insufficient research from the scientific community
within CCS planning in the country, and as such, this study derives from
it.

2. Scope

The cited literature serves two main purposes. It is an inspiration for
the development of a model in which the identified gaps re addressed,
and for the identification of a case study to which the model can be
applied. Gaps identified include the decarbonisation assessment of
future carbon sources including industry and power generation, the use
of a bottom-up approach in GIS analysis that maintains a level of detail
across scales, and the need for scalable models to assess alternate CCS
configurations at different geographical scales. For the case study in this
paper, European studies at regional scale highlight Denmark and Nor-
way as key geographies for a European CO; transport network. Both
countries are shown as potential CCS frontrunners in Europe due to their
geological storage capacity, proximity to ports, and to point sources
when compared to other European countries (Kouri et al., 2017). A
particular region of interest is the Northern Denmark Region, high-
lighted in European studies as a principal part of CO; corridors, con-
necting Scandinavia, the North Sea, and the rest of continental Europe
(Morbee et al., 2012; Tumara et al., 2024). The region is also relevant at
a national level because it hosts the single largest Danish CO, emitter i.
e., Aalborg Portland, a coal fired Combined Heat and Power Plant (CHP)
that will be phased out i.e., Nordjyllandsvaerket, as well as the most
extensive foreseen development of bioenergy production (Food & Bio
Cluster Denmark, 2020) which has a primary role in a decarbonised
energy system in Denmark (Lund et al., 2022). Furthermore, various
ports as well as onshore and offshore storages are located in and within
proximity of the region.

On this basis, this paper proposes a bottom-up geographical meth-
odology for assessing CCS infrastructure. It describes a method to
develop a cost model that incorporates individual components of the
downstream management of future carbon sources: capture, transport,
and storage. Depending on the CCS configuration, options are provided
for both the transport and storage components in the model, such as
transport mode and onshore, offshore, or intermediate storage. Thus, the
model is designed to provide a geographical routing and a techno-
economic assessment for the chosen CCS configuration. This approach
is independent of the geographical focus, making the model scalable.
Results and analysis are included for the case study of the North
Denmark Region, with a geographical sensitivity analysis to test the
model’s scalability. This is performed on a refined scale in the Thy-Mors
area, a part of the region used to investigate the impact of varying CO,
volumes and distances in transportation options. The model does not
incorporate the utilisation component for a CCUS assessment; however,
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it enables Power-to-X scenario analysis at an energy system level. The
CCS configurations presented for the case study are utilised at the
regional geographical level for assessing strategies that consider full
decarbonisation of energy systems in Ref. (Bang et al., 2024).

3. Methodology and data

This section comprises two sections: the first describes the method-
ology for developing the geographical CCS cost model, and the second
provides details on the case study CCS configurations. Mixed methods
are used, including data handling and compilation using tabular and
geographic databases in Geographic Information Systems (GIS) for the
identification of location and further spatial analysis of CO, point
sources. The software used for the spatial analysis is ArcGIS Pro 3.1.0
(ESRI, 2023a) from the Environmental Systems Research Institute
(ESRI). ArcGIS geoprocessing tools and additional built scripts using
ArcPy and Python languages were used to code the automation of the
cost assessment of which the infrastructure spatial characteristics are the
key indicators. The geographical delimitation of the case study is the
North Denmark Region. However, the method is flexible and generically
designed to be used and adjusted independently of the geographic scope.
A visualization of the models’ inputs and output is shown in Fig. 1.

3.1. Geographical CCS cost model

As seen in Fig. 1, the main objective of the model is to generate total
annual costs and geographical routing for CO,, allowing for a techno-
economic comparison of CCS configurations. To accomplish this, the
geographical cost model accommodates four segments: the capture (CC),
transport (CT), final storage (CS), and intermediate storage (CIS) of CO»,
which are all assessed in a corresponding spatial framework. A meth-
odology to incorporate the four segments of COy downstream manage-
ment is developed with the steps depicted in Fig. 2. Subsequent sections
elaborate on each of these steps.

3.1.1. Mapping COg point sources

To map CO, point sources, both location and availability are
considered, departing from the current state to an overlook into the
future. The mapping methods are subdivided into characterization and
estimation of COs.

3.1.1.1. Characterization of COg point sources. To characterize the point
sources, this study considers the type of COs, the point source emission
category, and the capture technology utilised. The analysis targets
future biogenic and non-biogenic CO». Biogenic carbon is defined as the
CO, emitted from processes where biomass or organic compounds are
converted into fuels, while non-biogenic carbon is the CO, emitted by
the combustion of fossil fuel when directly burned to generate energy.
The capture type considered is the most mature capture technology,
post-combustion CC (PCC), in which the emitted CO5 is captured from
exhaust or flue gas stacks after the CO; is emitted and released into the
atmosphere. Narrowing down the scope with these considerations,
attention is directed towards flue gas emissions from electricity and heat
production plants, as well as industrial facilities. Each emission point
within these sectors undergoes systematic categorization and mapping,
identifying them as potential future CO; point sources for CCS config-
urations. Other categories of COy emitters within the commercial, resi-
dential, agricultural, or forestry sector are considered not fitting for PCC
technologies and are out of the scope of this study. Hence, the four types
of CO4 point sources considered relevant for the study are.

1. Electricity and heat production plants
2. Waste incineration plants

3. Biogas production plants

4. Industrial facilities



D. Moreno et al.

Journal of Environmental Management 368 (2024) 122175

I|7 D Transport (CT)
Capture (CC)
Capturing CO, from waste a

© | incineration, biogas upgrading
and industrial facilities.

storage or use

2

2
= -
(]

, Moving compressed/liquified CO, by
truck, pipe or by ship to points of

Intermediate storage (CIS)
Storing CO, in terminal for changing
transport mode. At site and port.

r Storage (CS)
= Temporarily or permanent storing
» CO, in onshore or offshore
underground geological
formations

b

T I

CO, point sources

network

Road and shipping

1=

Port Geological storage

database

Fig. 1. Geographical CCS cost model: Components and output overview.

Geographical delimitation of case study: North Denmark Region
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Fig. 2. Methodology overview and flow.

The data collection overview is shown in Table 1, with details on the
databases and sources used for the CO; mapping. Once the categorised
data sets were gathered, each facility’s location was mapped by geo-
coding. The geolocation process for established facilities is done by
proxy using facility address and facility name with geolocator algo-
rithms in Python scripts, i.e., geopy, followed by a manual and visual
cross-validation step. For the manual validation, place databases and
satellite imagery from web mapping platforms such as Google Maps
were employed, as well as public online business databases that serve as
search engines for accessing information on facilities (Erhvervsstyrelsen,
2022). For planned facilities, namely future biogas production plants,
online accessible and published maps from The Danish Energy Agency
(The Danish Energy Agency, 2020; The Danish Energy Agency, 2019;
The Danish Energy Agency, 2023a; The Danish Energy Agency, 2023b),
and Greenhub Denmark (Greenhub Denmark, 2023) were used as a
comparison point for manual verification of the estimated location of

facilities.

3.1.1.2. Estimation of current and future CO2 To project the future
availability of COq, the assessment starts with evaluating current CO,
and proceeds with its development based on potential impacts that can
limit such CO; sources due to decarbonisation efforts. To accomplish
this, this study develops a 2045 CO5 scenario based on a possible future
100% renewable Danish energy system as part of a transition towards a
fully decarbonised society. The baseline year for the assessment is set at
2022, and the future year has been chosen following the IDA’s Climate
Response 2045 decarbonising plan for Denmark (Lund et al., 2021),
which is a robust studied scenario (Lund et al., 2022a) supporting a fully
renewable future energy system as a pathway for Denmark to achieve
70% reduction in GHG emissions by 2030, aiming at climate neutrality
by 2045 and climate positive by 2050. The scenario is hereafter denoted
as IDA2045 and used as an example of a complete decarbonisation of the
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Table 1
Data gathering overview for CO, point source mapping.
Category Name Source Year Ref
1 Electricity
and heat
production Energy The Danish Energistyrelsen
plants producer Energy 2022 (20230)
2 Waste census Agency
incineration
plants
Biogas CCUS Greenhub 2022  Greenhub
production Cluster Denmark Denmark (2023)
plants North
Jutland
3 List of The Danish 2021  Energistyrelsen
biogas Energy (2021)
producers Agency
in Denmark
CCUs Greenhub 2022  Greenhub
Cluster Denmark Denmark (2023)
North
Jutland
European European 2021 European
Industrial Pollutant Environment Environment
facilities Releaseand  Agency Agency (2020)
Transfer
Register
The Central ~ The Danish 2022  Erhvervsstyrelsen
Business Business (2022)
Register Authority

Danish energy system.

The scenario helps identify factors that can limit or promote CO,
emissions, such as expanding biogas renewable capacity and phasing out
fossil-fuelled capacity. For power generation, IDA2045 includes reduced
waste incineration and a commitment to sustainable biomass utilisation
through bioenergy expansions amid identified opportunities for the in-
crease of locally and globally traded sustainable biomass sources, sup-
ported by previous studies in Denmark (Lund et al., 2022) and Europe
(Victoria et al., 2020). For the carbon reduction in industry, estimations
are based on projected levels of industrial electrification. The principles
that guide the assessment of each type of CO5 source are summarised

Table 2
Considerations for CO, estimation by point source category.
Category Capture Baseline 2022 CO, 2045 CO,
rate*

1  Electricityand  90% Estimated using total Neglected. CHP
heat annual fuel biomass phase out”
production consumption from (
plants Energistyrelsen,

2 Waste 90% 2023c) and CO4 50% CO, emission
incineration emission factors from ( reduction®
plants Energistyrelsen,

2023a)

3  Biogas 100% Using a chemical 2.13-fold increased
production composition (CHy/ CO; emission”
plants CO,) 60/40 vol% in

raw biogas (Li et al.,
2017)
4 Industrial 90% Composite estimation CO, emission

facilities using categorised fuel reduction estimation
consumption per from the
industry and branch ( electrification

Huang et al., 2015),
and CO, emission

processes related to
innovation in

factors ( industrial
Energistyrelsen, production”
2023a).

@ IDA decarbonising plan for Denmark (Lund et al., 2021).

b Green Industry Analysis Project (Energistyrelsen, 2020).

¢ Capture rates in flue gas stacks and biogas upgrading systems (Cordova et al.,
2022; IEAGHG, 2019; Li et al., 2017).
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and presented for both the baseline in 2022 and 2045 in Table 2, and
more detailed considerations are presented in Appendix A: Estimation of
future COs.

Carbon capture technologies remain capital intensive (Jha et al.,
2021; Kearns et al., 2021), which makes it economically challenging for
small CO5 sources to partake. Considering the risk of locked-in solutions
preventing smaller sources from decarbonising, point source sizing
criteria is applied. Literature shows CCS potentials assessed including
emitting sources of at least 40 kTPA (Greenhub Denmark, 2023), 50
KkTPA (Energistyrelsen, 2023b), and 100 kTPA (State of Green, 2022) of
CO-. However, to maintain the defined geographical scope of this study,
the sources considered need to respond to the largest emitters at national
level, yet keeping smaller sources to be able to shape CCS potential
configurations. Therefore, the study lowers the threshold and includes
emission sources equal to or exceeding 10 kTPA of CO,. The identified
CO4, point sources are then integrated into a geodatabase, forming part
of the rest of the spatial framework parameters of the model, which are
described in the following.

3.1.2. Spatial framework parameters

The spatial framework includes the geographically identified infra-
structure relevant for CCS configurations. The data and tools utilised for
creating the framework are defined and explained as follows.

1. Point sources: Defined as the locations of the CO; point sources and
mapped in Section 3.1.1 where the sources are characterized, and
CO,, is estimated, providing location and volume.

2. Transport network: Defined as the trucking, piping, or shipping
routing to calculate the transport length of CO; from point sources to
terminals and from terminals to permanent geological storage. The
Danish Road network (Dataforsyningen, 2023) is used to route CO5
via truck and pipe, while Euclidean distances are used to route the
CO,, offshore. The road network is used in the model due to the
absence of an actual network in the area, serving as the best available
proxy to simulate a layout that considers land restrictions. The
spatial analysis tools to assess the routing are the Network Path
Planner (ESRI, 2023c) and Closest facility Analysis (ESRI, 2023b)
geoprocessing tools from ESRI. The path planner optimises the
pipeline network routing, while the closest facility analysis creates
the shortest trucking routing between two points.

3. Terminals: Defined as the closest location to CO, point sources to a
potential CO, intermediate storage where transport mode-switching
is needed. The region’s main ports are considered as terminals when
COy, is to be transported by ship i.e., Port of Aalborg, Port of Hans-
tholm, Port of Hirtshals, and Port of Frederikshavn.

4. Geological storage: Defined as the location of onshore, nearshore, or
offshore underground formations that are deemed suitable for CO,
storage. These geological structures can be unexplored sites and
depleted oil and gas fields with substantial capacity available. The
Geological Survey of Denmark and Greenland (GEUS) describes a list
of potential CO, geological storage structures in Denmark (GEUS,
2020). From the report, the reservoirs listed in Table 3 are included
as part of the spatial framework of the case study.

Table 3
Geological structures suitable for CO, storage from (GEUS, 2020).

Structure name Theoretical storage Type Spatial proximity
capacity (Million in case study
tonne CO5)
Hanstholm 1333-3441 Nearshore 33 km from
Hanstholm port
Siri Canyon 150-500 Offshore 236 km from
(Cecilie, Nini depleted oil Hanstholm port
and Siri) field
Gassum 412-777 Onshore Central part of

Danish Basin
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A compilation of the spatial framework parameters in the North
Denmark Region is shown Fig. 3.

3.1.3. Techno-economic components

The costs used are derived from the Danish Energy Agency database
for Carbon Capture, Transport, and Storage (The Danish Energy Agency,
2023c). The parameters are adapted to harmonize and translate into the
spatial framework of the model; this adaptation is performed for each of
the elements of the techno-economic assessment: the capture (CC), in-
termediate storage (IS), transport (CT), and storage (CS) of CO,.

For each element, specific capital expenditures (CAPEX) as well as
variable and fixed operational (OPEX) expenses that amount to the total
cost are annualised in 2020 EURO (€) using present values from the
catalogue and documented in the supplementary material as raw input
for the model. The cost components taken from the database are
described in Appendix B: Detailed TAC cost components. Appendix C:
Techno-economic components further explain the calculation for each
cost projections.

Based on each projection, a composite cost model is developed. Each
element cost is expressed in a yearly cost as a function of the amount of
CO4, captured, transported, or stored, and the geographical distance over
which the CO; is transported. Collectively, the sum of each cost
component output from Egs. (2)-(5) yields a total annual costs (TAC) in
Eq. (1). Each TAC consists of CAPEX calculated as annuity payments
given the technology lifetime and a discount rate of 3% (Garcia-Gusano
et al., 2016) using the annuity equation in Eq. (6), plus an annual OPEX.

TAC =TAC¢c + TACcr + TACcs + TACqis € / year] (¢}
Where:

TAC¢c = CAPEX o, * annuity + (OPEXﬁxed/variable)coz (2)
TACcr = CAPEXco, distance * annuity + (OPEX fuxed variabte) co, istance 3
TACcs = CAPEX co,  annuity + (OPEXjea variabie) co, (C))
TACeis = CAPEXco, * annuity + (OPEXjied) oo, (5)

And:
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annui[y = {T:r)’"} (6)

With:

CO,, = yearly captured, transported or stored CO,
distance = geographical distance of CO, transport
r = discount rate expressed as a decimal

n = technological lifetime in years

Additionally, to incorporate cost uncertainty in the study, the 2030
costs are used as the base cost while 2050 lower and 2050 upper price
developments are applied as cost thresholds, and a +20% where costs
are unavailable. These thresholds work as a cost range for all calculated
TAC and are included in the model output. An overview of this cost
composition can be seen in the schematic bar chart in the model output
in Fig. 1.

3.2. CCS scenario configurations

The CCS configurations are potential scenarios for collecting, trans-
porting, and storing the CO,. While the capture of CO, from point
sources is fixed, each pathway utilises different transportation modes,
and storages within the spatial framework described to provide an
assessment for the case study. Table 4 presents the scenario configura-
tions for the model, detailing the alternatives for each cost component.
There are three scenarios: A and B are modelled for nearshore and
offshore storage, while C includes onshore storage.

4. Results and analysis

The results are first shown for the estimation of future CO,, followed
by the outputs from the techno-economic assessment of the proposed
CCS scenario configurations. Finally, the model is tested on a smaller
scale, in a sub-area of the region, to assess CO5 volume and distance in
the choice of transport.

Port of
Fredgrikshavp
.

o

Port of

Aalborg

<3

Fig. 3. Spatial framework for CCS scenario configurations in the North Denmark Region.
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Table 4

Geographic cost model scenario configurations. The table is organised from left
to right, starting with the cost components and to the specific scenarios on the
right.

CCS Cost Scenarios
Component A (Truck + B (Onshore C
Ship) pipeline + Ship) (Onshore + (Onshore
offshore pipeline)
pipeline)
Capture (CC) All CO; point sources
Intermediate At site - -
Storage
(CIS)
Transport (CT) Truck Onshore Onshore distribution and
distribution and transmission pipeline
transmission
pipeline
Intermediate Nearest port -
Storage
(CIS)
Transport (CT) Ship Ship Offshore -
pipeline
Permanent Nearshore Nearshore and Nearshore Onshore
Storage (CS) and Offshore and Offshore
Offshore

4.1. 2045 CO; projected availability

The baseline year for the CO, availability assessment in this study is
2022, and the projected future availability of the resource is made for
2045, assuming a fully decarbonised Danish energy system scenario that
accounts for the associated carbon reduction. The study area is the North
Denmark Region, where electricity and heat production, waste incin-
eration, biogas production, and industrial facilities are mapped. Hence,
this includes biogenic and non-biogenic CO,. In 2022, a total of 6.47
MTPA CO; is estimated with 5.88 MTPA of potential capture with
available technology. Close to 90% of this potential is found within 6%
of the facilities responding to categories larger than 10k TPA in the re-
gion, as seen in Fig. 4, which argues positively for the filtering out of
smaller emitters suggested in the methodology section.

Following the sizing criterion and the four principles formulated
departing from the IDA 2045 scenario in Table 2, the future COq
reduction is pictured in Fig. 5. As expected, a significant decrease of 64%
occurs due to the fossil phase-out, which eliminates the CO, emissions
from Nordjyllandsveerket, reduces the emissions from waste incinera-
tion, and includes the electrification of industrial processes. The CO5
quota from current and planned biogas production remains constant,

1 CO2 MTPA n=4 n =1040
n Number of point sources
4.11
6.47
n=61
{172
n=174 [
n=801 | 0.56 |
— =G T
<1k 1-10k 10k - 100k > 100k Total

Fig. 4. Baseline calculated CO, (MTPA) in 2022. The facility’s yearly emission
range is shown on the x-axis.
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and its expansion increases the future CO, capture potential by 28%
after fossil fuels are phased out. Regarding the spatial distribution of
CO,, most of the current biogas production may be placed is in the
northern part of the region in Hjgrring Municipality. In contrast, the
planned biogas plants are mainly located on the west coast in Thisted
and Jammerbugt municipality. The industrial point sources are located
primarily in Aalborg and Rebild municipality. However, Aalborg Port-
land, located in the city of Aalborg, is the largest single CO, emitter, with
around 50% of the total CO, potential capture. The symbology shows
the ungrouping emission sources in Fig. 5, and the geographical distri-
bution of the sources is shown in Fig. 6 to add a location and magnitude
perspective.

4.2. CCS configurations in the North Denmark region

This section shows the geographical output of the model given the
spatial framework of the case study, which includes the carbon potential
of the 45-point sources aggregated in 27 facilities. Figs. 7-10 show the
model outputs as geographical routing for each CCS scenario configu-
ration. For the trucking in scenario A, all the nearest ports are considered
to route the CO; to final storage i.e., Port of Aalborg, Port of Hanstholm,
Port of Hirtshals, and Port of Frederikshavn. The spatial analysis esti-
mated trucking distances ranging from 0.3 to 53 km, 19-51 km, 18-28
km, and 5-23 km for each port, respectively. The ports of Aalborg and
Hanstholm emerge as the most intensive both in terms of the quantity of
CO4, transported, and the trucking distance required.

For scenarios B and C, which include onshore and offshore pipelines,
a transmission line connecting the ports is assumed to optimise the
network. Additional distribution pipes following the road network
connect to this transmission line. A total of 194 km in transmission and
267 km in distribution pipeline are calculated. Scenario C adds a
transmission line extension connecting the original transmission to
Gassum for onshore storage. The latter increases the transmission by 65
km and reduces the distribution pipeline length by 48 km. The offshore
piping length towards Hanstholm is 33 km, and 236 km to Siri, from
Hanstholm port, the closest port to both offshore storages.

Based on the routing options, the model outputs costs per configu-
ration, which are compared in Fig. 11. The most cost-effective config-
uration is achieved with a pipeline to the onshore storage Gassum:
Scenario C (Gassum). The most considerable partial contribution to the
total costs are the capture and the storage, fluctuating between 29% and
47%, and 22%-52% of the total TAC, respectively. Transport with
trucking in Scenario A represents 90% of the cost of pipeline transport in
Scenario B, when accounting for intermediate storage in Scenario A.
This suggests that trucking becomes ineffective and costly as COs is
transported individually to the different ports, while pipelines centralise
capacity and shorten transport distances. When comparing the same
storage destination, the cost difference between the transport with truck
and pipe in Scenarios A and B is within +£12%. However, the total
shipping cost is primarily reduced in Scenario B since the CO; is cen-
tralised for shipping in one port against distribution in all four ports in
Scenario A, adding ~520 km of extra shipping. Transport to nearshore
storage in Scenario C (Hanstholm) by pipe shows nearly equivalent costs
to transport in Scenario B (Hanstholm) by ship. However, pipeline costs
escalate as distances to offshore storage increase, as per comparison in
Scenario B and C (Siri). Onshore storage in Scenario C (Gassum) is 27%
below the average cost among all configurations due to minor savings in
intermediate storage. Still, lower costs respond to optimised onshore
pipeline transport and lower onshore costs than nearshore and offshore
storage. From the figure, it can also be seen that the costs of intermediate
storage are modest throughout the scenarios at site and port, repre-
senting 2-3% of each TAC.

4.3. Geographic scaling for CCS configurations

The configurations shown provide insights into the pathways that
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Fig. 5. Estimated CO, (MTPA) potential for capture in 2045. The x-axis shows the step criteria for estimation.
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Fig. 6. Map of categorised point sources and estimated CO, potential capture by 2045 in the North Denmark Region.

could shape CCS infrastructure in the North Denmark Region. The cost
outputs show fewer flexibility options for the capture and storage
components than for carbon transportation. Hence, the remaining
questions pertain to the degree of optimisation achievable in transport
costs, the role of geographical distances, and the CO2 volumes in this
optimisation. This section is dedicated to assessing the model’s transport
sensitivity by focusing on a different geographical scale to determine its
impact.

Using the techno-economic parameters from Section 3.1.3, the cost
per unit of COy transported across the different transport modes is
plotted in Fig. 12. CO5 volume brackets from 50 to 500 kTPA are
included to draw attention to the changing costs over distances and
facilitate the comparison. The three plots try to group similar behaviours
seen in the CO5 volume brackets. As the volume of CO5 transported
increases, not only does the unitary cost of transport decreases but the
transport modes become more cost-competitive over shorter distances
due to cost advantages reaped by economies of scales. More interest-
ingly, for CO3 volumes up to 50 kTPA, trucking appears to be the least
costly option up to ~350 km, while pipeline transport becomes more
economical beneficial beyond this threshold. As the pipeline cost curves
level off, the shipping curve falls intercepting the pipeline curves at
shorter distances.

These visualizations indicate approximate distances at which

different CO5 transport modes are more cost favorable. Focusing on this
metric, the most competitive transport modes are plotted for distinct
CO; volumes where a break-even distance point is marked. This point
should be understood as the distance at which the costs of CO5 transport
balance out, and a pivotal point after which the most economical
transport mode switches. The crossing points can be seen in the two plots
of Fig. 13 that are separated to avoid visual saturation. For the lower
CO3 volumes, i.e. 10 to 100 kTPA, the break-even shrinking distances
are observed, having its peak at 10 kTPA when trucks switches to ships,
and the lowest at 100 kTPA when trucks switches to pipelines. For the
largest CO, volumes, break-even distances increase, however, not on the
scale they decrease at smaller CO, volumes. The unitary break-even cost
of transport decreases drastically as COy volume doubles, reaching a
peak of 92% unitary cost reduction from 50 to 100 kTPA.

These findings suggest that with the intended quantity of CO5 and
transportat distances, the break-even distances can serve as a tool to
design the downstream of CCS configurations. The developed model is
deployed at a smaller geographical scale within the North Denmark
Region to assess the cost sensitivity in more detail. Using the adminis-
trative borders to limit the geographical scale, the Thy-Mors area situ-
ated along the west coast of the region, containing the Port of Hanstholm
are deemed suitable for this purpose. The municipality have represen-
tative transport distances, and smaller CO, volumes, which according to
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Scenario A: Offshore storage geographical routing via truck and ship.

Fig. 8. Scenario B: Offshore storage geographical routing via pipeline and ship.

the regional outputs will result in higher unitary costs. The estimated
CO total of 301 kTPA that can be transported in the municipality
correspond to roughly 12% of the regional CO; estimated in 2045. The
break-even distances are then utilised in a mixed scenario, involving
partial trucking to intermediate storage and partial piping thereafter, see
geographic representation in Fig. 14. This sensitivity is to assess saving
costs, particularly concerning the transport TAC. The cost comparisons
to the mixed scenario are presented in Table 5, highlighting the most
significant transport cost reductions when compared to piping, and an
average of ~7% with the other more competitive configurations. When
total costs are compared, the mixed configuration reaches an average
cost reduction of ~9%.

5. Discussion

The authors acknowledge that the CO, capture potential projected in
2045 is a result expected COy by 2045 as part of a specific scenario
where the central assumption is to achieve a fully decarbonised energy
system. Various uncertainties are inherited from this overarching sce-
nario, which is an envisioned pathway for reaching the transition, as
well as the estimated carbon reduction emissions. According to the
overarching IDA2045 scenario, a 5 MTPA sink estimate with CCS and
biochar is necessary. The carbon sink is deemed essential as compen-
sation for other sectors’ emissions, such as agriculture and industrial
processes, that are difficult to bring to CO2 neutrality. Supposing the
transition envisaged in this scenario fails or is delayed in cutting carbon
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Fig. 10. Scenario C: Onshore storage geographical routing via pipeline.

emissions, the CO, potential capture will persist, exacerbating the need
for further sinking mechanisms to reach a fully decarbionsed future. This
can come from other capture technologies such as DAC or additional
deployment of capture technologies from point sources that will rely on
well-identified carbon sources as input for their assessment. Alternative
considerations regarding the availability of CO3 sources in the future
could significantly influence the evaluation of CO, available in 2045 i.e.,
external carbon sources, emission sizing delimitations. However, the
accounting of CO; is not regarded as the primary focus in this study;
conversely, the modelling of geographical CCS pathways for CO5 is, why
the estimation is taken as a point of departure for the model develop-
ment and usage.

Likewise, the assessment of CO availability from point sources was
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methodologically categorised and generalised, while each facility will in
fact experiment differently with emission change. As an example, the
North Denmark Region’s CHP plant, ‘Nordjyllandsveerket’ will be
decommissioned in 2028, with current efforts targeting an earlier
transition into renewable generation by 2025 (Aalborg Forsyning,
2023). The biogas expansion from IDA2045 is assumed uniformly for all
biogas plants in the region, which hardly resonates with reality as early
biogas adopters are less likely to expand in the short-term future
compared to preestablished biogas producers. The latter should also
consider the competition for feedstock availability and deploy a sus-
tainability perspective in a broader perspective. Out of the point sources,
the estimations made for the industrial facilities are the most indeter-
minate given the uncertainty on the scale of electrification of each type
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Fig. 12. Cost curves representing the unitary cost of CO, transport across distance by transport mode. Upper labels show specified CO, volumes. Note the shared

vertical axis.

of industry and how fast that would be accomplished. This study ap-
proximates this electrification by assuming that a share of energy and
carbon-intensive industrial processes requiring high temperature and
pressure would be electrified, replacing biomass and waste incineration
fuel requirements on the energy production side.

Waste incineration and industrial facilities are the non-biogenic
carbon sources considered, while biogas production represents the
biogenic carbon of the total CO; estimated. In total, the calculated
biogenic carbon fraction for capture in the study is 41% in 2045, while
the remaining is non-biogenic. While the emissions from non-biogenic
CO, sources accounted are the ones that can be captured from flue gas
stacks, a point for discussion is the applied understanding of sustain-
ability for the biogenic CO included in the analysis. While the metric
assessment is out of the scope of the paper, the sustainability of the
carbon aimed to be captured plays a key role when considering carbon
sinking strategies. A sustainability assessment of bioenergy crops and
feedstock as part of the bioenergy system must be considered, primarily
provided the expected increased capacities. Securing closed carbon
loops guarantees the avoidance of extra emissions and ultimately results
in effective CCS technologies removing and reusing the carbon that
would otherwise be released into the atmosphere. Looking at carbon
sinking as the goal, however, a valid point for discussion is the relevance
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of only biogenic carbon. A tonne of CO, from biogenic and non-biogenic
sources is quantitatively equal yet does not represent the same carbon,
nor is it within the same domain of the carbon cycle. Initiatives like CCS
should be considered strategic and incorporate qualitative assessments
should be made to ensure deployment effectiveness, aligning with the
overarching objective of reducing emissions from the production side.
This approach can prevent perpetuation or delays in fossil operations,
counteracting transition efforts and aid with current policies that focus
on biogenic COy sources for e-fuel production (Renewable Energy
Directive, 2018).

The type of capture considered for the CO, point sources in the study
focused on PCC and excluded other capture technologies such as Oxy-
fuel CC technologies. While PCC is deemed appropriate for the type
and magnitude of sources, it could be worth assessing oxy-fuel capture
for significant CO, emission sources such as cement production plants
and large biomass boilers. However, the cost of the required air sepa-
ration unit and energy requirements might represent limitations against
PCC. At the same time, all CO, capture potential is assumed to have a
purity level appropriate for CC available technology. The capture con-
siders a 98% vol CO4 purity before post-cleaning on a wet basis and
>99.95 % vol on a dry basis. The assumption is unrealistic in all flue gas,
and the chemical processes to achieve higher purity levels through
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purification units are not considered any further in the analysis per-
formed. It is essential to state that extra purification units in CC pro-
cesses can double or three-fold the costs in diluted gas streams versus
highly concentrated ones, which can impact the calculated TAC in the
capture and transport costs as COy properties change - See Section 4.2.
On the other hand, the 90% capture rate used is considered conserva-
tive, as up to 95% is expected to be feasible after 2030 due to techno-
logical developments. The last aligns with the expected CC CAPEX cost
decrease by 55% by 2050, in PCC (Kearns et al., 2021).
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In brief, a projection of carbon reduction is made, and variations of
the CO; availability in 2045 are expected. The considerations taken for
the projections are described and discussed as the objective of the CO»
scenario is to calculate and locate the CO5 from point sources to be used
in the geographical cost model development. While a bottom-up
approach is applied, other approaches could have been considered,
such as the distribution of a national CO2 emission by industry or share,
which would have simplified the CO, estimation vastly. In the same
way, taking the carbon storage capacity as the initial point, the transport
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Table 5
Cost sensitivity utilizing break-even transport distance points for transport in
mixed scenario. Note percentual difference in red.

Parameter Storage [ME/y]
Scenario
A B C Mixed:
Truck Onshore Onshore + Truck/
+ Ship pipeline + offshore Pipe +
Ship pipeline Ship
TACcr Hanstholm 3.5 3.7 4.5 3.3
—4% —11% —36%
Siri 4.4 4.6 15.9 4.2
—3% —9% —275%
TAC Hanstholm 16.91 16.85 18.88 16.70
-1.2% —0.9% —-11.5%
Siri 19.73 19.66 30.54 19.51
-1.1% —0.8% —36.1%

of CO; could have been tailored to reach such capacity. Additionally, the
model assumes that space requirements for the capture are met in all
point sources; an approach considering the geographical space re-
quirements for CCS technologies could have benefited the feasibility of
implementing capture plants. Therefore, while the approach exhibits
some strengths and weaknesses, it is considered that the attempted
scope targeted by assessing each CO, point source and its development
towards 2045 provides a beneficial resolution for the techno-economic
geographical assessment. This level of granularity represents addi-
tional flexibility when serving as an input for the cost model, as shown
by the sensitivity analysis presented in section 4.3, where different
geographical scales and CO3 volumes for CCS are modelled.

Regarding the techno-economic assessment performed, as a rela-
tively new technology for the Danish context, CCS cost estimations are
updated regularly, introducing considerable uncertainty to the config-
uration’s costs. In this study, this uncertainty is tackled by using the cost
range with a low and high cap cost, resulting in a £40% range from the
base cost that reflects potential cost variations. The addition of certain
cost components to this study can be an example of such variations, i.e.,
the liquefaction cost that has been equated to the compression cost at
capture. Similarly, since the model only considers new investments in
CO4, transport, repurposing existing gas infrastructure could help reduce
costs and align more closely with the lower cost estimates presented. The
model also allows for the use of alternative networks, enabling the
integration of new grid infrastructure or more accurate potential
network layouts. A thorough investigation into the technical aspects of
CO, pipeline transport is essential, especially given that the current
Danish gas network operates at much lower pressures. This difference in
pressure can impact CO, transport capacities at higher rates and in-
crease the risk of condensation. The cost estimates presented thus are
not the basis for the final investment decision; instead, they offer a
geographical screening and a cost sensitivity analysis tool informing
carbon management planning processes. In addition, the geographic
focus of the outputs helps determining investment locations, serving as a
starting point for discussing potential ownership distributions within the
region. Here, the scalable bottom-up CCS model in this study can be a
useful tool to include considerations on CO3 into transitioning energy
systems, particularly at the local planning level due to its resolution. As
demonstrated throughout the study, the implementation of new tech-
nologies such as CCS and PtX is crucial for achieving climate targets.
Location awareness aids in decision-making by assessing the impacts of
ownership and cost distribution on a localised scale. The different CCS
configurations analysed reveal potentials for investment costs, whether
aggregated into fewer centralised schemes or dispersed across multiple
decentralised stakeholder schemes. These schemes differ in their im-
pacts, adding unique requirements and local value. Thus, the location
and connectivity assessments shown through the maps provide valuable
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insights into future CCS developments, enabling the level of detail
necessary for meaningful planning at various levels.

These initial CCS configurations provide essential hints for further
exploring alternative scenarios with a wide range of options. While in
the study, ports are conventionally considered placements for interme-
diate storage functioning as terminals from where CO5 is shipped,
identifying strategically located COg clusters can offer alternative
infrastructure placement. This could alleviate CAPEX and OPEX costs by
creating decentralised CO, hubs that collect and transport higher CO4
volumes. Other pathways to be explored could include connecting all
large emitters or a connection from the Port of Aalborg to the Port of
Hanstholm which are the closest to the largest emissions. Mixed con-
figurations can include a southbound transmission pipeline from all
large emitters down to the cheapest onshore storage Gassum, connecting
most of the CO; point sources and buffering via truck the further ones for
cost efficiency. Here, the longest routing distance would be the biogas
CO, point sources located in Thisted municipality which could be
monitored according to their development and competitivity against
northern municipalities. These alternatives, however, should raise
questions about perpetuating infrastructure around current CO» emis-
sion sources versus exploring alternate and perhaps more flexible
infrastructure. The authors assert that variations to both cost outputs
and configurations are foreseeable, especially as the scope narrows
down, and CCS projects are explored with more contextualization.

For each configuration, the storage cost amounts to ~50% of the
TAC, which can be inferred as an argument for investigating CCUS
instead of CCS, especially considering offshore storage, where storage
cost is the highest. Although CCUS is out of the scope of this study, the
model provides flexibility for the addition of cost components. This al-
lows for future evaluations to compare the costs of utilisation versus
storage. Another limitation of the study is the local CO5 focus, which
disregards opportunities with additional CO5 imports that can be used to
assess storage or utilisation. CO, imports could effectively reduce the
unitary storage cost of CO,. However, extra infrastructure related to the
import has to be accounted for as intermediate storage at ports, and
piping or shipping capacities are increasingly needed for final storage.
National infrastructure costs, however, will remain towards the down-
stream of CO; collection to ports. While the geographical model devel-
oped provides a bottom-up approach for potential CCS infrastructure,
the utilisation of the CO; requires a comprehensive understanding of the
technology within the whole energy system, mainly as PtX is intricately
linked to the electricity and the heating system to achieve sector
coupling.

The cost sensitivity of the configurations is tested on a smaller
geographical scale in Section 4.3. With the results provided, it can be
said that the mixed configuration offers cost reduction potential but
entail trade-offs and extra costs, notably the included costs for inter-
mediate storage. Additional costs associated with the technical aspects
of CO, transport, such as alterations in CO» phase requirements due to
changing transportation modes, are not accounted for in the model. In
the mixed configuration presented, incorporating an extra compression
unit at intermediate storage would add extra infrastructure, as well as
operational and land costs. Following the outputs from the sensitivity
analysis, it can be said that using various forms of transportation can
result in modest cost reduction as the optimisation of the downstream
management of the CO5 is reached. However, the addition of these
modes involves logistic and operational requirements adding to the
value chain complexity and final cost. It can also be seen that increasing
the geographical detail aids in contextualizing and assessing local po-
tentials as well as challenges within CCS configurations.

6. Conclusion
This study has mapped, characterised, and estimated future Danish

CO5, point sources, and a geographical CCS cost model has been devel-
oped and applied to the case study of the North Denmark Region.
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Varying CCS configurations are designed to assess techno-economic and
geographic routing feasibility. Adding to the analysis, mixed transport
configurations have been investigated in the Thy-Mors geographical
area as to optimise CO, downstream management and the implications
of the findings are presented as a sensitivity analysis in the study.

By 2045, a total of 45 CO; sources in North Denmark will merge into
27 facilities, offering 2.45 MTPA for CCS. Different transport options are
considered in CCS configurations, which yield an average total annual
cost of €123M. The findings show potential in transport optimisation
when higher resolutions are considered for the geographical scaling of
the CCS configuration since both quantity and geographical location are
driving factors.

To conclude, this study has yielded valuable insights into CCS stra-
tegies. By developing a bottom-up geographical cost model, the study
not only presents a potential workflow for CCS configuration assess-
ments but highlights the model flexibility for enhancements and usage in
diverse geographical scales. The model’s scalability represents potential
for creating transition scenarios that are useful for energy planners at
any level. The research additionally contributes with specific key mes-
sages and discussions related to carbon management that can be with-
drawn for techno-economic tailoring and optimisation of storage and
furthering the value chain towards carbon utilisation scenarios. CCS is
one of the alternatives for carbon avoidance or removal, and the
investigation of alternative technologies such as DAC can be considered
in future research. Moving forward, CCS requires further assessment as a
technology that complements strategies for energy transition such as
energy demand reduction, sector coupling, increased renewable pene-
tration, and the dynamics with other low-carbon and carbon-neutral
technologies aimed at fully decarbonising energy systems.

Appendix D. Supplementary data
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Appendix A. Estimation of future COy

This section expands on Section 3.1.1 on the usage of the IDA 2045 scenario regarding the CO; estimation. The estimation for each of the CO, point
sources categories considered for the study is elaborated here.

With varying biomass usages, the IDA plan accommodates a range of 4.5-5.6 MTA CC from waste incineration, bioenergy, and industry. Part of the
carbon is allocated to CCUS as in e-fuel production through Power-to-X (PtX) which is added as flexible demands in large RES production periods. Both
usages point out that both technologies, CCS and CCUS will come to play an important part of the energy matrix. Sankey diagrams for 2020 and 2045
scenarios of the Danish energy system can be seen in Figs. 15 and 16. The figures explain the use of primary energy through conversion to each end use
demand and sector. Moreover, Fig. 17 incorporates a Sankey diagram illustrating insights into biomass utilisation, with a focus on CCS and CCUS
potentials. In addition to the IDA2045 scenario, considered as the benchmark for evaluating the impacts on the availability of the CO5 point sources
within a 100% decarbonised energy system, supplementary considerations for industrial electrification are made. From here, four principles are
formulated to guide the analysis, these are detailed and presented according to the type of CO, point source mapped in 3.1.1.

1.Electricity and heating production

IDA2045 emphasizes on the reduction on burning biomass in CHP systems but the continuing development of biomass in the form of biogas,
thermal gasification, pyrolysis, and hydrothermal liquefaction (HTL) technologies. Offshore and onshore wind, together with PV deliver 70% of the
total primary energy consumption in the energy system. Sector coupling allows for urban heating demands to be supplied through RES powered
District Heating (DH) systems i.e., waste incineration, surplus heat, and geothermal energy, while far reach heating demands are converted to in-
dividual electric heat pumps supplied by a large development of solar thermal in rooftops. Consequently, all fossil fuelled CHP plants are phase-out by
2045, meaning no CO2 is accounted from these sources in the future.

2. Waste incineration

Waste incineration has typically been used for CHP or heat production for DH systems. By 2045, waste incineration is reduced but remains fuelling
DH systems, particularly using certain types of biomasses that are difficult to process in other facilities and the increase of recyclability and separation
in waste streams. According to IDA2045, the technology can incorporate CC to flue gas, and there will be additional industrial processes on which solid
biomass or biomethane can be burned for such requirements. As an approximation to this vision, the baseline emissions related to the projected waste
incineration production are reduced by 50% according to IDA2045.
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3. Biogas production

Biogas production in Denmark is commonly centralised with own co-digestion and upgrading facilities that directly inject renewable natural gas
into the gas grid. A little over two-fold biogas production increase is expected by 2045 nationally in Denmark. Biogas usage in conversion technologies
for electricity and heating cogeneration are crucial to supply renewable heat to DH systems. The increase in biogas generation aligns with projections
of biomass potentials, signifying the upper limit achievable through the systematic utilization of various biomasses in the feedstock. This encompasses
green agricultural waste, straw, wood, and heightened recyclability. The calculation involves deducting the organic share allocated for biogas from
both industrial and residual waste. Assuming this expansion as uniform across the nation, biogas production related CO2 emission in the baseline is multiplied
by a 2.13 factor in 2045.

4. Industrial electrification

Another factoring element for CO, accountability is the industrial development as electrification replaces fossil fuels in industrial processes in
Denmark. According to IDA2045, the increase of electricity demand does not only respond to electrification in industry but also to new critical
electricity demand e.g., from hydrogen, electrofuel production, data centres. Fossil fuels will be replaced with electricity, solid biomass, and biogas in
industry. Projecting the development of this projection at an industrial level, particularly at the CO; point source level, proves challenging due to the
specificity inherent to each production process. This uncertainty is partly technical as emerging technologies to replace thermal and melting processes
are not mature enough for large-scale deployment or remain costly, and sector integration strategies are difficult to predict. From the regulatory side, it
can be predicted that newcoming reforms in the Danish carbon market i.e., The Danish Green Tax Reform could incentivize for industry to decarbonize
through electrification and fuel substitution, incentivised by tax credits and green investment programs. The Green Industry Analysis (Energistyrelsen,
2020) project strategically tackles products and processes in specific industries in the nation. The study performed by the DEA in collaboration with
industry and academia, shows technological solutions to convert large parts of the energy-related emissions from industry. It estimates the average
emission saving that the electrification of the processes involved in determined production can provide. It adds with specific cases and processes
pipelines in industrial decarbonization. Although these insights are given for a specific product in an industrial branch, they are taken as the most
available estimate on feasible industrial decarbonizing available. Each identified industrial branch used as examples in the study has been mapped and the
emission reductions potentials have been discounted from initially calculated industrial COz emissions.
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Appendix B. Detailed TAC cost components

Table B1

TAC CAPEX and OPEX cost components.

Journal of Environmental Management 368 (2024) 122175

Name Mode CAPEX OPEX
Capture (CC) Amine based PCC CO;, capture plant Staffing
CO2 compression and drying to Pipeline pressure ~ Maintenance

Transport (CT)

Storage (CS)

Intermediate storage (CIS)

Truck

Pipe1

Ship

Onshore

Near onshore/Offshore in depleted oil/gas field

At port

At site

Utilities (cooling water, electricity, steam, etc.)
Integration costs to main plant
Owner’s cost (contingency)

Semi-truck/semi-trailer/articulated lorry?

Pipeline installation

Cathodic protection and coating
Sectionalisation valve @15 km

Permitting costs and landowner compensation
Ship unit

Injection plant
Loading system without pipeline
Injection wells

Platform

Injection plant

Loading system without pipeline
Injection wells

Insulated bullet tanks

CO;, transfer piping

Marine loading arm

Loading pumps

CO; metering equipment and utilities
Insulated bullet tanks

CO,, transfer piping

Loading pumps

CO, metering equipment and utilities

Service agreements

Heat and electricity costs
Make-up amine

Caustic soda

Waste disposal costs
Variable maintenance costs
Driver costs

Fuel consumption

Fuel cost

Truck annual maintenance
Loading and unloading time
Operation and maintenance costs of pipeline

Ship fuel cost

Ship operation and maintenance
Base cost

Onshore injection plant

Loading system without pipeline
Wells

Decommissioning costs

Energy costs

Pre-FID costs

Post closure monitoring (20 years)
Base cost

Platform

Onshore injection plant

Loading system without pipeline
Wells

Decommissioning costs

Energy costs

Pre-FID costs

Post closure monitoring (20 years)
Operation and maintenance

Operation and maintenance

1 Excludes pumping/compression energy cost in pipeline.

2 A truck that carries the freight in one or more semitrailers.
Truck and ship transport: Liquid phase CO: operating at ~15 bar and at —28 °C.
Pipeline transport: Dense phase CO; operating at 15-30 °C and pressure max 150 bar.

Appendix C. Techno-economic components

Each of the cost projections used in the model are elaborated in this section.

e Carbon capture (CC)

This model factors the costs associated to the capture plant and the preparation of the CO5 for its transportation. The capture cost includes
compression costs for piping of CO5 which amounts to 10% of the CAPEX. The model does not differentiate the preparation of CO, before trans-
portation, resulting in the costs for liquefaction during trucking and shipping being equated to compression costs in the model. The capture costs
database used are for amine based PCC retrofit 100 MW (th) WtE or biomass CHP plant and PCC retrofit 500 MW (th) biomass-fired boiler. Both costs
are incorporated and projected to consider a generic framework for different CO, point sources and plant sizes. This makes it possible due to its
potential integration through retrofitting into existing infrastructure with capturing modules in industrial production plants, power production, biogas
or WtE facilities (Thellufsen and Wild, 2023). The total cost associated with the capture plant constitutes approximately 50% of the CC capital
expenditure (CAPEX) which is omitted in quantifying capture costs for biogas production plants, assuming that these plants are equipped with
operational upgrading facilities functioning as capture plants. For both facility types, Figure C1 and Figure C2 show the annualised cost projections
with thresholds with the yearly captured CO as the dependent variable.
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e Carbon transport (CT)
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Fig. C1. Annual capture costs projections for non-biogas facilities.
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Fig. C2. Annual capture costs projections for biogas facilities.

The CO, transport costs tabulate the transport infrastructure capacity and the distance from the point source to the CO5 terminal, given the
transportation mode. The transport modes are trucking, shipping, and onshore and offshore piping for which the CO, must meet certain conditions on
pressure, temperature, and dryness. Taking the transport capacity and distance, the model calculates the maximum amount of CO, that can be
transported in a year per transport unit, i.e., one truck, ship, or single pipeline. The operation for the maximum amount of CO; calculation is assumed
to be 24/7, nonetheless considering factors impacting this operation i.e., annual maintenance, loading/unloading and loading/sailing time, and
average transport speed. The model then allocates the number of transport units required for transporting a given CO, quantity across a defined

distance, calculating the associated costs accordingly.

The trucking costs consider the CO; transported in a liquid phase by tankers designed for operating at ~15 bar and —28 °C with carrying capacity of
30 tonnes. figure C3 shows the annual cost projection for trucking with thresholds. In contrast, figure C4 portrays a combined plot showing a base cost
of truck transport against the maximum yearly CO, transported over distance per transport unit.
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Fig. C3. Annual cost projections for CO2 truck transport.

.08 140
g 2
< 07 120 g
O >
< 0.6 100 &
€ 05 >
s g0 &
o 04 =
= 60 QO
§ 0.3 ©
T 02 40
(T

0 0

5 40 75 110 145 180 215 250
Kilometer
3 CO2TPA EUR/ton CO2/km

Fig. C4. Annual cost of trucking versus yearly CO, trucked over distance.

The shipping costs account for CO: transported in liquid form by ships operating at ~15 bar and —28°C. The DEA database provides costs for 4,000
and 10,000-tonne CO: ship capacities, with the maximum value for 10,000 tonnes (Kearns et al., 2021). This study projects costs for 1,000 and 2,
000-tonne CO: shiploads in Denmark, extrapolated from larger ships. Rail transport is unsuitable due to the spatial distribution of sources and the
Danish rail network.Figure C5 shows annual shipping cost projections by ship capacity, while Figure C6 compares truck transport costs with maximum
yearly CO: transported per unit.
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Fig. C5. Annual cost projections for CO ship transport.
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Fig. C6. Annual cost of shipping versus yearly CO5 shipped over distance.

The pipeline costs consider CO; to be transported in a dense phase in pipeline dimensioned to operate at 150 bar and 15-30 °C, for both onshore
and offshore transport at a 50% utilisation rate. Onshore piping costs for single-line pipelines ranging from 100 to 300 Diameter Nominal (DN) and
offshore 300 DN piping are considered. All CO, piping infrastructure in the model is regarded as a new investment. Denmark current natural gas
infrastructure may hold potential relevance; however, it is not considered in the model due to the lack of data concerning the adaptability and
repurposing feasibility of this infrastructure and the cost associated with retrofitting it for CO transport. Table C1 shows the annual cost projections
for CO, pipe transport by type and yearly transportation capacity. Note that the prices are based on pipeline distances 50-100 km, hence the effect of

the high cost at a short distance is not captured.

Table C1
Annual cost projections for CO, pipe transport.

Pipeline DN €/m/y
Type Capacity CO TPA Low Base High
Onshore <100 100 15 20 27
100k - 550k 150 30 41 53
>550k 300 41 56 76
Offshore >550k 300 64 89 153

e Carbon storage (CS)

Onshore, nearshore, and offshore infrastructure costs are considered for the CO, storage. The cost database includes capacities ranging from 1 to 5
MTPA storage capacity for all types of storage infrastructure. Similarly to the other transport modes, the database costs are used for the annual cost
projection calculation for onshore, nearshore, and offshore CO, storage, as seen in Figure C7, Figure C8, and Figure C9, respectively, where the yearly
CO;, storage capacity functions as the dependent variable.
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Fig. C7Annual cost projections for onshore CO; storage.
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Fig. C8. Annual cost projections for nearshore CO; storage.
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Fig. C9. Annual cost projections for offshore CO; storage.

e Carbon intermediate storage (CIS)

Storage facilities are considered for the carbon to be stored in terminals for it to be transported either by truck or ship. The storage capacities for
projecting these terminal costs are for 3,00 and 14,000 tonnes CO, with varying storage hours for terminals at site and port terminals, assuming
transport by truck is more cyclic than transport by ship due to the order of scale. When CO pipeline transport is considered, no storage is added as a

consistent flow of CO3 is anticipated. Figure C10 and Figure C11 show the annualised base cost projections with thresholds with the yearly CO4 stored
in the terminal as the dependent variable.
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Fig. C10Annual costs projections for CO2 terminals at site.
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Fig. C11. Annual costs projections for CO5 terminals at port.
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